THERE IS increasing reason to believe that congestive heart failure must be considered not only in terms of certain specific cardiac abnormalities but also in terms of a complex and variable sequence of peripheral vascular interactions. These responses may be intensified or modified by the length of time during which failure persists, by concomitant stress imposed by trauma, undue exertion, or fever, and by therapy with cardiotonic agents, diuretics, and rest. Since more than half the cardiac output is delivered to the kidneys and splanchnic viscera in normal resting human subjects, it is probable that the renal and splanchnic circulations are predominantly involved. The importance of renal vasoconstriction in maintaining the arterial pressure, in causing retention of salt and water, and in producing lesions in the kidney itself during failure is now well established by numerous investigations.' The splanchnic bed, however, is less easily studied, and in spite of its size and position splanchnic hemodynamic rearrangements during cardiac failure have received much less attention.
cardiac diseases studied by Myers2 and Rapa-port3 and their associates. Both groups found that splanchnic blood flow (ESBF), estimated by the sulfobromophthalein (BSP) method, was usually reduced to the same extent as cardiac output despite maintenance of, or even elevation of, arterial blood pressure. This suggests that the degree of splanchnic vasoconstriction was equivalent to that in the body as a whole, but certainly was much less than that in the kidney. A uniform contraction of the hepatic and splanchnic arterioles seemed to be present without much, if any, change in portal venular or postsinusoidal resistances, since wedge hepatic and free hepatic venous pressures did not differ by more than 2 mm. Hg.
According to Rapaport, Weisbart, and Levine,3 the circulating splanchnic blood volume (SBV) was increased to a greater extent than is the total blood volume (TBV), although both volumes rose in those patients in whom right atrial and wedge hepatic venous pressures were elevated. The splanchnic blood volume was not elevated when these pressures were normal. Their conclusion that blood accumulates in the splanchnic bed only as a result of the rise in central venous pressure implies that the splanchnic veins respond passively in failure and that the well-muscled veins of the hepatic and portal systems, which accommodate most of the splanchnic blood volume, operate tonically only to assure constancy of capacity relative to distending pressures. Under appropriate circumstances, however, the splanchnic venous vasculature does appear to participate actively by venoconstriction, as in the circulatory adjustments to orthostasis4 or exercise,5 or by venodilatation following administration of blocking agents.6 Such splanchnic venomotor activity might be Circulation, Volume XXXII, October 1965 lost in the heterogeneous hemodynamic pattern of failure or obscured by vascular overdistention and hypoxic injury. If this is the case, it is possible that changes might be detectable during recovery from decompensation.
To test this possibility, splanchnic blood flow and splanchnic blood volume were measured simultaneously with cardiac output and intracardiac pressures prior to and following the intravenous administration of digoxin in patients with various types of ventricular failure.
Methods
Twenty-two patients with heart disease were selected for study (table 1). Five (no. 1239, 1284, 1394, 1431, 1178) had never presented evidence of ventricular failure, while the remainder suffered from well-defined cardiac insufficiency varying widely in manifestations and severity.
Hepatomegaly was noted in 11 subjects (no. 1437, 1183, 1207, 1231, 1391, 1397, 1409, 1407, 1374, 1420, 1196) , two of whom (no. 1231, 1397) also had had ascites. In two patients (no. 1437, 1391) hepatomegaly subsided prior to the study, as had both the instances of ascites. Hepatic function in this group appeared to be normal as evidenced by the absence of jaundice or chemical abnormalities other than slight BSP retention. Four of these patients (no. 1374, 1391, 1397, 1409) were chronic alcoholics: no evidence was found of fibrotic or necrotic changes in liver tissue obtained from two of them (no. 1374, 1391) by biopsy or at the time of necropsy. Two additional subjects (no. 1275, 1211), who gave a history of excessive alcohol ingestion but did not have liver enlargement, also had normal liver function studies.
All patients were studied in the postabsorptive, basal state, and were without medication for at least 12 hours. They were afebrile at the time of study and had been so for at least 36 hours. Each patient was made familiar with the respiratory equipment the day before the test. Right heart catheterization was performed in the usual manner via the left antecubital vein, and a second catheter was placed in a branch of the right hepatic vein through the right antecubital vein. A peripheral artery was cannulated with a Cournand needle. The methods used in this laboratory to measure blood pressures and cardiac output (by the Fick principle) have been published previously.7-9 Splanchnic blood flow was estimated by the BSP clearance and extraction Circulation, Volume XXXII, October 1965 method.10 Considerable variation in the patient's ability to remove BSP was evidenced by the difficulty in predicting its concentration in the arterial blood for any given infusion rate. For this reason, and in order to reduce fluid administration to a minimum, the rate of infusion of BSP was kept as low as possible. Arterial plasma BSP levels were maintained constant in each study at values less than 3.5 mg. per cent in association with hepatic extractions in excess of 14 per cent that remained relatively unchanged following digoxin administration. In only two instances in which splanchnic blood flow was observed to rise, BSP extraction fell (table 3) . Splanchnic resistance in absolute units was calculated from the difference between mean arterial pressure and mean hepatic venous pressure and the splanchnic blood flow. Circulating splanchnic plasma volume was determined by following tracer concentration in arterial and hepatic venous blood after injection of radioiodinated human serum albumin (RISA) into the right heart." The splanchnic blood volume was calculated from the plasma volume and the peripheral arterial hematocrit level. Total plasma volume was determined from the tracer concentration in arterial plasma 10 minutes after the injection of a known amount of RISA. Total blood volume was calculated on the basis of the arterial hematocrit value. Blood oxygen content of arterial, mixed venous, and hepatic venous samples was measured by the method of Van Slyke and Neill.12 Splanchnic oxygen consumption was calculated from the splanchnic blood flow and the arteriohepatic venous oxygen difference.
Although several measurements of blood pressures and splanchnic blood flow were made, only values obtained at the time of estimation of cardiac output and splanchnic blood volume are included in table 2. This table represents the total group of patients utilized to obtain a picture of the splanchnic circulation in heart disease with and without congestive failure and in a nonchanging state. After these control measurements had been secured, nine of the patients, seven of whom were in congestive failure, were given an intravenous dose of digoxin (table 3) . The detailed protocol for measurement of systemic and pulmonary pressures and systemic flow following drug administration has been reported previously.7-9 Pressure measurements were made every 5 to 15 minutes. The determinations of systemic and splanchnic blood flows and splanchnic blood volume were made as close together as the technics permitted, approximately 40 minutes after exhibition of the drug. The values given in table 3 are those obtained as close as possible in time to the estimation of splanchnic blood volume. The dose of the drug administered A significant correlation was found between the total and splanchnic blood flow, r = 0.756, p < 0.001. Similarly, splanchnic oxygen consumption represented a fairly constant and normal fraction2' 5of the total oxygen consumed, on the average 29 per cent with a range of 18 to 41 per cent. The correlation between total and splanchnic oxygen uptake, r = 0.634, p < 0.025, is generally held to be significant. The systemic and splanchnic arteriovenous oxygen difference showed a significant correlation, r = 0.748, p < 0.005. Systemic resistance was consistently lower than splanchnic and the latter was increased in 20 patients, normal being 4,500 dynes sec. cm.-5. There was a significant relationship between the two resistances, r = 0.723, p < 0.001. Great variation in total blood volume (3,300 to 7,900 ml.) and in splanchnic blood volume (320 to 2,300 ml.) was encountered. The normal value for the latter is 20 per cent of total blood volume which would give a range of about 900 to 1,200 ml. The average splanchnic blood volume for these 22 patients, 1,066 ml., was normal and this constituted a normal fraction of the average total blood volume, 21 per cent, although the range (8 to 44 per cent) was greater than has been reported in normal subjects.3' 11 15 A significant correlation was found between these variables, r = 0.554, p < 0.01. Further analysis, however, indicated that those patients having visceral congestion, with either combined ventricular failure or only right ventricular failure (no. 1437, 1183, 1207, 1231, 1407, 1374, 1420) demonstrated an increased splanchnic blood volume averaging 1,410 ml., with a range of 2,300 to 740, which constituted a greater portion than Circulation, Volume XXXII, October 1965 normal of the total blood volume, namely 25 per cent. The total blood volume averaged 5,830, with a range of 7,900 to 3,380 ml. In the remaining patients who had no evidence of visceral congestion at the time of study, and this includes those with left failure as well as those not in failure at all, the average splanchnic blood volume was normal, 905 ml., and was 18 per cent of the total blood volume. The splanchnic mean circulation time on the average was 60 seconds, a value considerably above normal.3' 5 The systemic and pulmonary artery pressures as well as those in the right ventricle, right atrium, and hepatic vein reflected the wide variety of physiologic disturbances under study, and hence no attempt was made to correlate them with any measures of the splanchnic circulation except for the central venous (right atrial mean or right ventricular diastolic) and hepatic venous pressures. A significant relationship was demonstrable between the central venous pressure and the splanchnic blood volume, r = 0.564, 0.02 > p > 0.01. A similar correlation could not be established between splanchnic blood volume and hepatic venous pressure, r -0.393, 0.1 > p > 0.05. It is of note that the patients who showed evidence of visceral congestion had sustained an elevation of central venous pressure 83 per cent above normal values, while splanchnic blood volume was increased only 38 per cent above mean normal levels suggesting splanchnic venoconstriction. Table 3 consists of nine patients, seven of whom were in failure. Following the intravenous administration of digoxin, four of the seven in failure (no. 1437, 1183, 1231, 1407) exhibited an unequivocal increase in cardiac output, the rise ranging from 11 to 91 per cent. In two others (no. 1402, 1374) rises of 4 and 5 per cent, respectively, would ordinarily not be regarded as meaningful or suggestive of a positive inotropic effect were it not for the aecompanying fall in the elevated pulmonary arterial ( no. 1402) and right ventricular diastolic and hepatic venous pressures (no. 1374).
Effects of Digoxin
The last three subjects in table 3 (no. 1420, 1239, 1284) showed no change, -4 per cent, -5 per cent, -4 per cent, respectively, in cardiac output.
The splanchnic blood flow fell in six patients (-12 per cent to -39 per cent), rose in two (no. 1183, 1374) ( + 109 per cent and +18 per cent) and did not change in one (no. 1239). In four of the nine subjects, the changes in systemic and splanchnic flows were in opposite directions, with splanchnic blood flow falling as cardiac output rose (no. 1437, 1231, 1402, 1407). In two others (no. 1183, 1374) the changes were in the same direction, with cardiac output and splanchnic blood flow both rising. These latter two had large falls in free hepatic venous pressure and there was little if any fall in the latter pressure despite the cardiac output rising in the four other patients with the inotropic response (no. 1437, 1231, 1402, 1407). Two patients (no. 1420, 1284) with no change in cardiac output had decreases in splanchnic blood flow. Only four observations were made of splanchnic oxygen uptake after exhibition of the drug. Of these, two rose (no. 1402, 1374) and two fell (no. 1437, 1420), at a time when the systemic oxygen uptake was unchanged.
Systemic resistance fell in four patients, all of whom had an inotropic effect from the drug (no. 1437, 1183, 1402, 1407), and this resistance did not change appreciably in the remaining five subjects. Six of the nine patients demonstrated a rise in splanchnic resistance and these had also had a decrease in splanchnic blood flow. Four of them (no. 1437, 1231, 1402, 1407) had an inotropic drug response while two (no. 1420, 1284) did not. In one subject (no. 1183) splanchnic resistance fell and in this man there was a large decline in central and hepatic venous pressures as well as a rise in splanchnic blood flow. In two patients (no. 1374, 1239) there was no change in splanchnic resistance. There was a divergency of response between systemic and splanchnic resistances in six of the nine patients and in the six individuals with a riselin splanchnic resistance, the systemic fell in three and was unchanged in three.
Although there was no significant change in total blood volume after digoxin, in seven patients there was a fall in splanchnic blood volume; the amount varied between 320 and 855 ml. which represents a change between -20 and -57 per cent. There was a slight rise, 15 per cent in one (no. 1402) and no change in the ninth (no. 1239). This fall in splanchnic blood volume in most of the subjects resulted in a reduction in the SBV/TBV ratios in most instances. Six of the seven had either combined ventricular failure or right ventricular failure before digoxin, and the patient (no. 1402) in left ventricular failure with a normal splanchnic blood volume had, if anything, a rise in splanchnic blood volume after the drug. Despite the withdrawal of 240 ml. of blood, on the average, which were required for the various blood analyses, there was no change in hematocrit level.
The variability in response of the systemic and pulmonary arterial blood pressures as well as those in the right ventricle and right atrium to the glycoside corresponds to that previously described.7-9 16 The free hepatic venous pressure decreased definitely in only two patients (1183, 1374), 9 and 5 mm. Hg, respectively, falling from considerably increased levels and these changes were associated with rises in cardiac output. In five more subjects there was a slight (1 to 3 mm. Hg) decrease, associated with increased cardiac output in four individuals. These seven patients were all in failure. The hepatic venous pressure did not change in one (no. 1239) and rose 1 mm. Hg in another (no. 1284), neither of whom were in failure. There was not an invariable parallel between the changes in central venous and the free hepatic venous pressures. In the seven individuals in whom the former values could be followed there were declines, some large, 5 to 10 mm. Hg (no. 1437, 1183, 1420), and some of little significance, 2 to 4 mm. Hg. It is noteworthy that in the two subjects with the largest falls, 9 and 5 mm. Hg, in hepatic venous pressures (no. 1183, 1374) there was a 10-mm. Hg fall in central venous pressure in one and only 3 mm. in the other. More interesting, Circulation, Volume XXXII, October 1965 however, is a patient (no. 1437) with a 9-mm. Hg fall in central venous pressure during the positive inotropic response and only a 1-mm. fall in hepatic venous pressure, a value of little if any significance.
Discussion
As in other series, the subjects of this investigation were remarkably diverse with respect to the etiology, severity, prior management, and duration of ventricular insufficiency. It is entirely possible that diuretic therapy and rest during a variable period preceding the study may have reduced congestion and minimized or eliminated circulatory adjustments that would have been evident under more stressful circumstances. In addition, the effort to maintain steady-state conditions throughout and to obtain data only in patients with no previous history of hepatic disease and with no evidence of hepatocellular injury as a result of failure, eliminated the more acutely ill patients with orthopnea, pulmonary edema, and marked congestion. Hence, not unexpectedly, the control data did not agree in all details with those presented by other workers, though they did conform generally in showing that congestive heart failure was usually associated with a diminished splanchnic blood flow and increased splanchnic vascular resistance. There was in general a parallelism between the reduction in splanchnic blood flow and in cardiac output or total blood flow, with the fraction ESBF/TBF remaining normal. This may be ascribed to vasoconstriction of the splanchnic arterioles more or less in proportion to a generalized increase in peripheral vascular resistance. A disproportionately large fraction of the elevated total blood volume was located within the splanchnic bed in most patients with combined ventricular failure or right ventricular failure as reported by Rapaport and his associates.3 Splanchnic blood volume was not abnormal in left ventricular failure.
The "circulating splanchnic blood volume," measured as splanchnic blood volume, refers to the quantity of blood within which radioactive iodine-labeled human serum albumin is Circulation, Volume XXXII, October 1965 distributed during the period of arteriovenous equilibration; it is largely in the hepatic and portal venous channels, and does not include blood held in vessels, like those of the spleen, where admixture of the tracer is delayed. Stagnation of blood is certainly increased within the engorged splanchnic bed in failure so that splanchnic blood volume probably yields values for the total volume of blood in the splanchnic bed that tend to be too low, since blood volume in these stagnant areas is not measured by this technic. The tendency for splanchnic blood volume to be somewhat elevated is therefore of significance in favoring the view that distention of the splanchnic bed involves both sequestered and rapidly moving components.
The data of the present study agree with those of Rapaport3 in showing a significant correlation between central venous pressure and splanchnic blood volume. Since the net distending pressure relative to content must vary widely from moment to moment and from place to place within the bed depending upon the character of respiration, exertion, gravity and vascular hysteresis, this correlation must be interpreted cautiously. Prolonged inactivity and relatively normal ventilation during the studies together with the evidence that intrasplanchnic venous pressure may be uniformly distributed (little or no gradient between wedge and free hepatic venous,3 and good admixture) give some support to the inference that an equilibrium state was approximated during measurement of splanchnic blood volume. If so, the more marked percentile increment in central venous pressure than in splanchnic blood volume in the patients with evidence of visceral congestion suggests that venous compliance was less than normal in these cases. This could be attributed to venoconstriction, to overstretch of veins beyond the elastic limit, or to structural changes in the elastic properties of the venous parietes. Unquestionably, persistent stretching of the vessels, distortion of the perfused tissue masses, and local accumulation of extravascular fluid must have caused a considerable degree of rigidity and, in addition, delayed reactivity.
These considerations apply with almost equal force to the control of inflow and outflow of blood from the system. The increase in calculated splanchnic resistance cannot be attributed solely to "arteriolar vasoconstriction" when other factors such as tissue tension, vascular deformation, or compression may enter the equation. Even if they contribute little in determining equilibrium values, they would tend to diminish the speed and extent of vasomotor responses. It might have been anticipated, therefore, that any alteration in flow or volume during a therapeutic fall in central venous pressure following intravenous digoxin would be, at best, minimal or equivocal.
As it happened, however, digoxin elicited within a short time a surprisingly uniform and overt reaction. Despite the heterogeneity of the series, both splanchnic blood flow and splanchnic blood volume decreased in most of the subjects, indicating at once the importance of vasomotor activity as a primary hemodynamic determinant and the intricacy of the digitalis effect. The reduction in splanchnic blood flow occurred at a time when over-all blood flow elsewhere in the body tended to increase (figs. 1 The effect of intravenous digoxin upon systemic and splanchnic circulations in a patient in right ventricular failure due to cor pulmonale. With the rise in output (CO) and fall in right atrial (RA) pressure and systemic resistance there was a fall in splanchnic blood flow (ESBF) and splanchnic blood volume (SBV) and a rise in splanchnic resistance. The rise in pulmonary artery (PA) systolic pressure is characteristic of the inotropic response in cor pulmonale. thing, decreased. The rapidity and magnitude of the change in splanchnic blood flow indicate that the splanchnic vasculature was indeed potentially capable of even more pronounced constriction than was present during the control premedication periods. Since the rise in splanchnic resistance after digoxin was always associated with a fall in splanchnic blood volume, it is possible that splanchnic engorgement may have been involved in preventing the full development of the potential vasoconstrictive response initiated by failure.
Translocation of blood from the splanchnic to the systemic veins could have occurred passively as a result of elastic rebound as the central venous pressure decreased following the glycoside. Even if splanchnic venoconstriction did not contribute actively, vascular "tone" of the splanchnic venous reservoir could not have decreased to the same extent as it did in the systemic veins or disengorgement would not have resulted. Perhaps this phenomenon can be explained by tissue turgor. A priori, however, the stretched and stiffened hepatic cell mass would seem as likely to hold open the overfilled vasculature as to exert a constant compressional force upon it and would be expected to act with plastic deliberation rather than elastic agility.
It seems reasonable to conclude, therefore, that the vascular readjustment during recovery from failure may be accompained by changes consistent with a relative intensification of vasoconstriction in all segments of the splanchnic vasculature rather than the dilatation which could be anticipated following the diminution or removal of a hypothetical vasoconstrictor stimulus. Vasodilatation is the net response of the systemic circulation to the drug.
In many respects this response pattern resembles that observed during exercise in man where there is also widespread extrasplanchnic vasodilatation in association with an increase in cardiac output but a splanchnic vasoconstriction. Homeostatically, such an adjustment serves to divert blood to active skeletal muscle, to supplement cardiac return, and to maintain arterial pressure. It may be sup-Circulation, Volume XXXII, October 1965 posed that the splanchnic vasoconstrictor drive of failure is eventually supplanted during the final phase of recovery by another mechanism -neurogenic or humoral-which is mediated by the increased flow to the muscles. Another possibility that cannot be eliminated is that digoxin itself exerts a selective vasoconstrictor influence upon the splanchnic blood vessels.
There is little doubt that digitalis glycosides can induce contraction of vascular smooth muscle in isolated vessels,17-21 and it has been suspected for many years that they may have an important peripheral vascular effect in their own right.7,16, 22,23 As it turns out, the data of this study indicate that the peripheral action, if such it be, does not pool blood and reduce venous return. The fall in splanchnic blood volume means that the splanchnic bed has suddenly introduced a substantial quantity of blood into the systemic veins at a time when cardiac function would be best served by a reduction in venous return. The fact that central and peripheral venous pressures usually fall despite this large autotransfusion bespeaks the effectiveness of the inotropic action of digitalis glycoside upon the myocardium and suggests that the capacity of the central extrasplanchnic venous reservoir has been increased sufficiently to accommodate the added volume with ease. Just where the blood volume is held must remain at present a mystery. It seems not unreasonable to suggest that the salutary effects of rapid digitalization might be enhanced by venous tourniquets on the thighs to offset the potentially detrimental effects of the active splanchnic disengorgement.
Summary
Splanchnic hemodynamics were examined in 22 patients with heart disease, 16 of whom had evidence of ventricular insufficiency at the time of study. The response of the splanchnic vasculature to the exhibition of intravenous digoxin was also studied in nine of these subjects.
Ventricular insufficiency was associated with splanchnic vasoconstriction proportional to a generalized increase in peripheral vas-cular resistance. Splanchnic blood volume was disproportionately increased with respect to total blood volume in patients having visceral congestion with 'right ventricular failure and combined ventricular failure. A significant relationship between central venous pressure and splanchnic blood volume was demonstrated in these cases. The greater elevation of the former than of the latter suggested the presence of splanchnic venoconstriction.
The vascular readjustment to digoxin resulted in a relative intensification of the already existing vasoconstriction of the splanchnic bed as compared to the diffuse systemic vasodilatation which occurred at the same time as the consequence of the inotropic action of the drug: estimated splanchnic blood flow and splanchnic blood volume diminished at a time when systemic flow rose and peripheral vascular resistance decreased. The ultimate distribution of the volume of blood translocated out of the splanchnic bed during this process remains to be determined.
